Abstract: Debonding problems of externally bonded fiber reinforced polymer (FRP) sheets in flexurally FRP-strengthened reinforced concrete (RC) beams have been a concern and a research challenge since their application of this strengthening technique. Intermediate crack induced debonding is the most common failure mode which is that the debonding initiates at the critical flexural-shear or flexural cracks and propagates towards the direction of moment decrease. To mitigate debonding failure, most Codes and proposed models take the method by limiting the allowable tensile strain in FRP laminates. This paper presents experimental tests of concrete beams flexurally strengthened with externally bonded CFRP sheets to investigate debonding initiation and tensile strain of FRP laminates. The allowable tensile strain of FRP sheets in flexurally FRP-strengthened RC beams proposed by prevalent Code provisions and models was assessed based on the data obtained from experimental programs. It has beenshown that the allowable tensile strains provided by these provisions and models have a great difference with that of experimental results and exhibit a high level of dispersion. Furthermore, the FRP laminates of most tested RC beams were debonded before reaching the proposed allowable tensile strain. The Code provisions and models are inadequate to effectively prevent intermediate crack induced debonding failure in flexurally FRP-strengthened RC members. This is known to be a critical issue in engineering design and application of RC beams flexurally strengthened by FRP sheets.
INTRODUCTION
Debonding of externally bonded fiber reinforced polymer (FRP) sheets used for the rehabilitation and retrofitting of reinforced concrete flexural members has been commonly observed. The most commonly reported debonding mode in experimental literatures is the debonding initiates at critical flexural/shear and flexural cracks near the region of maximum moment. This failure mode of debonding is properly termed as intermediate crack-induced debonding. The prevalent Code provisions [1] [2] [3] [4] [5] [6] and proposed models [7] [8] [9] [10] for the design of externally bonded FRP systems often take the method by limiting the tensile strain or stress in the FRP laminates to mitigate debonding. Based on the tests results of flexurally FRP-strengthened RC beams failed cause of intermediate crack-induced debonding failure, this paper carried out a comprehensive comparison of the Code provisions and models and evaluated their validity and accuracy.
EXPERIMENTAL PROGRAM
8 simply supported beams, including A2 and B2 series, and 9 cantilever beams, including B1e, B2e and B2i series, *Address correspondence to the author at the College of Management Science and Engineering, Shandong Institute of Business & Technology, Yantai 264005, China; Tel: +86-535-6903575; E-mails: liguibing@zju.edu.cn, leegb@sina.com were tested to investigate debonding process and tensile strain of FRP laminates in flexurally FRP-strengthened RC beams. The test specimens, series A2 and B2, used in the experimental program were prepared with varying properties: amount of tensile reinforcement and carbon fiber reinforced polymer (CFRP) sheets, preload level; for series B1e, B2e and B2i, the test variables are amount of CFRP sheets, preload level and anchorage method, respectively, see Table 1 . Properties of materials used in these specimens are listed in Table 2 . The mechanical properties of epoxy adhesive and CFRP sheets were provided by the manufacturer. The test set-ups and geometries of the tested beams are shown in 
TEST RESULTS
All the CFRP-strengthened RC beams failed by intermediate crack-induced debonding of CFRP laminates. The typical crack patterns of the strengthened beams are shown in Fig. (3) . It can be observed during the test procedure that the width of the critical shear-flexural crack (CSFC) increased rapidly after the tension rebar yielding. Subsequently, a tributary crack formed adjacent to the CSFC, forming a triangular concrete block bounded by the CSFC, the tributary crack and the soffit of the beam; and then with the widening of the CSFC at beam soffit level was associated with the formation of a relative vertical displacement, as shown in Fig. (4) , between the two halves of the CSFC, and the relative displacement became more pronounced with further load applied on the beam. When the relative displacement reached to a critical magnitude, debonding of CFRP sheets initiated at the tip of the tributary crack and propagated towards the laminates end. Fig. (5a-d) illustrates the whole debonding procedure of CFRP sheets.
Figs. (6) (7) (8) (9) (10) show the relationships of load-tensile strain in the CFRP laminates of series A2, B2, B1e, B2e and B2i respectively. The tensile strains in CFRP laminates of the strengthened beams at initial debonding  fd,tested are listed in Table 3 and Table 4 , and illustrated in Fig. (11) and Fig. (12) , respectively.
PREVALENT MODELS PRESENTED IN CODES AND LITERATURES
To prevent intermediate crack-induced debonding failure in flexurally FRP-strengthened RC members, most codes and proposed models define the approach that tensile strain in FRP sheets should be limited to a threshold value at which debonding of FRP sheets may occur. The prevalent Code provisions and proposed models for determining the allowable tensile strain in FRP sheets,  fd , are summarized in Table 5 .
ACI 440.2R-08 [1] describes a modification of the debonding strain equation proposed by Teng et al. [7, 10] that bending moment in the member satisfies
, and also suggested that the flexural capacity and axial load-carrying capacity of members failing due to debonding of FRP sheets may be calculated by the maximum value for the difference in tensile stress occurring in FRP sheets satisfy
these FRP stress equations include an interfacial fracture energy (G f ) term for FRP-concrete interface. The G f is determined by experimental results and accounted for many factors and aspects of design. However, the G f determined by testing and experimental results is complex and not conducive to design process. fib bulletin-14 [2] recommends using shear stress-slip relationships to predict debonding failure in flexurally FRP-strengthened RC members. Critical bond stress and slip parameters determined from analysis of experimental data were recommended. Bulletin 14 presents three approaches to mitigate debonding failure. The first approach (fib-1) limits the maximum allowable axial load in the FRP sheets and the length required to anchor this load. To account for the effect of width of FRP sheets and RC beam (b f /b), a k b factor is introduced. The second approach (fib-2) presents a critical crack pattern and the bond (adhesive) stresses this pattern would cause. Bond stresses rise between flexural cracks and these stresses are then transferred to FRP laminates. The fib-2 limits the maximum stress the FRP laminates can have transferred to it, and determines an anchorage length differently than the fib-1. These two approaches can be used Fig. (9) . Load-FRP strain relationship of series B2e. 
Fig. (11).
Comparison of tested and predicted tensile strain in FRP laminates at initial debonding (Code models).
Fig. (12).
Comparison of tested and predicted tensile strain in FRP laminates at initial debonding (proposed models).
to derive allowable tensile strain equations for FRP sheets in order that debonding is prevented. The third approach is very complex and is not suitable for engineering application, and therefore, it is not assessed with the present discussion. CECS146 [6] suggested the effective tensile strain in FRP reinforcements to prevent intermediate crack-induced debonding failure. The allowable tensile strain of FRP laminate takes the product of thickness reduction factor, k m , and the nominal ultimate tensile strain of FRP laminate, ε cfu . Furthermore, the allowable tensile strain should not be greater than 2/3 ε cfu or 0.01.
The Technical Report 55 (TR55) issued by the UK's Concrete Society [3] , uses an approach similar to the fib-1 in the fib bulletin 14 to mitigate FRP laminates debonding in flexurally FRP-strengthened RC members.
To evaluate the maximum design intermediate crack-induced debonding tensile strain for FRP reinforcement, the Italian Code CNR DT200 [4] proposed a simplified method found based on a fracture mechanics approach.
The Teng et al's model (Teng2003) [7] simply modified the empirical model based on analogy between debonding failure in simple shear tests and intermediate crack-induced debonding failure. Teng2003 model considered the effect of concrete compressive strength and width ratio of FRP laminates and RC beam (b f /b), in addition to FRP axial stiffness (E f t f ), on the debonding failure.
In light of the maximum FRP tensile strain corresponding to the ultimate experimental load of each tested beam in the database and considering the effect of concrete compressive strength, Said and Wu [9] proposed a critical value for FRP tensile strain on the debonding failure.
Using dual local debonding criterion and different bond-slip models for major flexural crack zone and rest of a beam, based on numerical simulations and regression of test data, Lu et al. [8] proposed an effective FRP tensile strain at debonding.
Teng et al. [10] presented a smeared crack approach in finite element simulation of intermediate crack-induced debonding failure. A design model for limiting FRP tensile strain, based on interfacial stress distributions determined using finite element method and verified with database of experimental tests, has been proposed.
VERIFICATION OF CODE PROVISIONS AND PROPOSED MODELS
The allowable tensile strains  fd for FRP laminates evaluated by these models motioned above and their statistical results of the percentage ratios of the allowable-to-experimental tensile strain in FRP laminate at debonding, are listed in Table 3 and Table 4 . The validities of these models are summarized in Table 6 .
The maximum, minimum, and average percentage ratios evaluated by the ACI model are 364%, 79%, and 166%, respectively, the range of predictions ratios is 285% with coefficient of variation of 41%. For the fib-1 model, its evaluated maximum, minimum, and average ratios are 106%, 28%, and 52% respectively, and having the range of predictions ratios of 78% with coefficient of variation of 39%. However, for the fib-2 model, the maximum, minimum, and average ratios are 494%, 118%, and 232%, respectively, and having the range of predictions ratios of 376% with coefficient of variation of 40%. The average allowable-to-experimental ratio assesed by the CECS model is 176% with coefficient of variation 43%, and the range of the prediction ratios is 283%, respectively. The TR55 shows a similar overall performance to the fib-1model, and the average, the range, and the coefficient of variation of the prediction ratios evaluated by the TR55 model are 102%, 39%, and 66%, respectively. The maximum, minimum, and average ratios by the CNR DT200 are 239%, 57%, and 112%, respectively, and having the range of predictions ratios of 182% with coefficient of variation of 40%.
The maximum, minimum, and average ratios are 137%, 34%, and 64% evaluated by the Teng2003 model, respectively, and the range of predictions ratios is 103% with coefficient of variation of 40%. The maximum, minimum, and average ratios are 273%, 45%, and 94% asseded by the the Teng2004 model, respectively, the range of predictions The statistical results show that all the predicted allowable tensile strains depict a great difference with the experimental results and have a high level of dispersion. Similar predictions of the maximum allowable strain to mitigate intermediate crack-induced debonding, were found in these models and provisions issued by ACI 440.2R-08, fib-2, DT200, and CECS146; and proposed by Said-Wu, Lu et al, and Teng2004. In all these cases, these proposed models provided non-conservative estimations of FRP tensile strain to cause debonding. These models highly overestimate the debonding tensile strains for FRP laminates. The JSCE, TR-55, fib-1 and Teng2003 provide very conservative estimations of allowable tensile strains for FRP laminates debonding.
CONCLUSIONS
Based on the results obtained from the current study, the following conclusions may be drawn: 1) All the allowable tensile strains of FRP laminates for preventing debonding failure evaluated by these proposed models exhibit a great difference with experimental results and have a high level of dispersion. Therefore, these models are not suitable to evaluate the allowable tensile strain in FRP laminates to mitigate debonding failure in FRP-strengthened RC beams.
2) Most of the models are basically developed by simply shear test results. As it is well known, the simply shear test cannot reflect all the factors affecting the debonding failure of FRP laminates in flexural FRP-strengthened RC members. This is why the predicted results are rather very conservative or very non-conservative, and have a high level of dispersion.
3) Intermediate crack-induced debonding failure is the dominant failure mode in flexurally FRP-strengthened RC members, more research should be done on this failure pattern to make better understanding of its mechanism and to ensure its safety of the strengthened members.
